The aim of this study was the identification of novel biomarker candidates for the diagnosis of cholangiocellular carcinoma (CCC) and its immunohistochemical differentiation from benign liver and bile duct cells. CCC is a primary cancer that arises from the epithelial cells of bile ducts and is characterized by high mortality rates due to its late clinical presentation and limited treatment options. Tumorous tissue and adjacent non-tumorous liver tissue from eight CCC patients were analyzed by means of twodimensional differential in-gel electrophoresis and massspectrometry-based label-free proteomics. After data analysis and statistical evaluation of the proteins found to be differentially regulated between the two experimental groups (fold change > 1.5; p value < 0.05), 14 candidate proteins were chosen for determination of the cell-typespecific expression profile via immunohistochemistry in a cohort of 14 patients. This confirmed the significant upregulation of serpin H1, 14-3-3 protein sigma, and stressinduced phosphoprotein 1 in tumorous cholangiocytes relative to normal hepatocytes and non-tumorous cholan-From the ‡Medizinisches Proteom-Center, Ruhr-Universitä t Bochum, 44801 Bochum, Germany; ¶Institut fü r Pathologie, Universitä tsklinikum Essen, Universitä t Duisburg-Essen, 45141 Essen, Germany; ʈKlinik fü r Gastroenterologie und Hepatologie, Universitä tsklinikum Essen, 45141 Essen, Universitä t Duisburg-Essen,
giocytes, whereas some proteins were detectable specifically in hepatocytes. Because stress-induced phosphoprotein 1 exhibited both sensitivity and specificity of 100%, an immunohistochemical verification examining tissue sections of 60 CCC patients was performed. This resulted in a specificity of 98% and a sensitivity of 64%. We therefore conclude that this protein should be considered as a potential diagnostic biomarker for CCC in an immunohistochemical application, possibly in combination with other candidates from this study in the form of a biomarker panel. This could improve the differential diagnosis of CCC and benign bile duct diseases, as well as metastatic malignancies in the liver. Molecular & Cellular Proteomics 13: 10.1074/mcp.M113.034942, 2661-2672, 2014.
Cholangiocellular carcinoma (CCC) 1 is a malignant neoplasm that arises from the cholangiocytes, the epithelial cells lining the bile ducts. The tumors, consisting of a significant amount of fibrous stroma, are classified as intrahepatic, extrahepatic, or hilar according to their anatomic location. Most common are the Klatskin tumors, originating from the confluence of the right and left hepatic ducts (1) . Compared with other types of cancer, CCC is a relatively rare disease, accounting for about 3% of all gastrointestinal malignancies (2) . However, its incidence is increasing, and as a result of poor patient outcomes it has overtaken hepatocellular carcinoma as the main cause of death from a primary hepatobiliary tumor (3) . Reasons for the high mortality rate (5- year survival rate of about 5%) (4) are the difficult diagnosis and limited treatment options. At present, extensive surgical resection of the extrahepatic bile ducts and parts of the liver or liver transplantation remain the only potentially curative treatment options, al-though most patients are considered inoperable at the time of diagnosis (5) .
In general, the diagnosis of CCC is made based on histomorphological evaluation of core biopsies or cytological specimens. However, distinction between CCC and benign diseases such as reactive bile ductules or bile duct adenomas can be challenging when based on conventional histology alone. Additionally, it may be difficult to distinguish CCC from metastatic adenocarcinoma in the liver, especially when it originates from the pancreas like pancreatic ductal adenocarcinoma. Therefore, specific immunohistochemical tissue markers for CCC would be highly beneficial for further validation of the diagnosis. In routine immunohistochemical diagnosis of CCC, so far, the detection of p53 (a product of a tumor suppressor gene) has proven useful, although its application is limited because of low sensitivity (6) . The cytokeratins Ck7, Ck8, Ck18, and Ck19 have been reported to have sensitivities of between 80% and 97% for CCC cells, but at low specificities and a similar expression as in non-tumorous cholangiocytes (7) . In addition, the tumor marker carcinoembryonic antigen, which is a commonly applied serum marker, has been used for immunohistochemical staining of CCC tissue. Although this was reported to be positive in 100% of the tested CCC sections, it also was immunoreactive in 60% of hepatocellular carcinomas (8) . Recently, it has been shown that the polycomb group protein EZH2 may be useful for differential diagnosis of cholangiolocellular carcinoma (a subtype of CCC), bile duct adenomas, and ductular reaction. This, however, applies only to this certain type of CCC (9) . Establishing reliable immunohistochemical tumor markers specific for CCC therefore remains a challenge.
Several proteomic studies using different sample types and various techniques have been performed in order to identify CCC-specific proteins. The analysis of CCC cell lines, for example, has led to the identification of potential diagnostic and prognostic biomarker candidates (10 -12) . In addition, cell lines have been used to discover proteins predictive of the response to chemotherapy (13) . Because results from cell culture experiments do not always reflect the actual conditions in the tumor, the use of patient samples can be advantageous. The most appropriate source of tumor-specific signals is tumor tissue, which in the past has been analyzed via two-dimensional electrophoresis (14) and mass-spectrometry-based proteomic approaches such as histology-directed MALDI-TOF-MS (15), Surface-enhanced laser desorption/ionization (SELDI) TOF-MS (16), or LC-MS/MS (17) . So far, however, none of the potential biomarkers have been successfully implemented into clinical routine.
Recently, we demonstrated that the application of two complementary techniques, two-dimensional differential ingel electrophoresis (2D-DIGE) and mass-spectrometry-based label-free LC-MS/MS, is an auspicious tactic for the discovery of novel biomarker candidates in hepatocellular carcinoma tissue (18) . Here, we applied this well-established workflow as the initial step for the discovery of tissue markers that improve the differential diagnosis of intrahepatic CCC from benign bile duct diseases. In these experiments, CCC tumor tissue was compared with non-tumorous liver tissue (n ϭ 8). Because this does not allow discrimination among different cell types such as hepatocytes, cholangiocytes, and tumor cells, an immunohistochemical determination of the cell-type-specific expression was subsequently performed for the most promising biomarker candidates. Stress-induced phosphoprotein 1, the protein showing the greatest specificity and sensitivity for CCC tumor cells, was verified as a suitable biomarker candidate for CCC in a larger patient cohort (n ϭ 60).
EXPERIMENTAL PROCEDURES
Clinical Data-Non-tumorous liver tissue and cholangiocellular carcinoma tissue from 77 CCC patients (48 females and 29 males) was collected during surgery at the University Hospital of Essen, Department of General, Visceral and Transplantation Surgery, Germany. The age of the patients at the time of operation ranged from 28 to 81 years (mean 62) (supplemental material). Informed consent was obtained from each patient, and the study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki. The local ethics committee approved the study .
Sample Set Composition-Three sample sets were created (supplemental material). Sample set 1, which was used for 2D-DIGE and label-free LC-MS experiments, contained non-tumorous liver tissue and CCC tissue samples from eight patients aged between 42 and 78. These samples were collected in the time period from 2002 to 2012. Sample set 2, used for immunohistochemical determination of celltype-specific protein expression, contained samples from 14 patients, including 5 from sample set 1. The patients' ages ranged from 31 to 78 at the time of operation, with surgery performed between 2010 and 2012. For immunohistochemical verification, sample set 3, from an independent cohort of 60 patients, was analyzed. These patients were aged 28 to 81 and underwent surgery between 2001 and 2010.
Tissue Preparation-For pathological examination and immunohistochemical staining, non-tumorous liver tissue and CCC tumor tissue were fixed in buffered formalin and paraffin embedded. For the proteomics studies, the samples were placed on ice immediately after the resection, snap-frozen, and stored at Ϫ80°C. Protein extraction was performed via sonication (six 10-s pulses on ice) in sample buffer (30 mM Tris-HCl, 2 M thiourea, 7 M urea, 4% CHAPS, pH 8.5) and subsequent centrifugation (15,000 ϫ g, 5 min). The supernatant was collected, and the protein concentration was determined via protein assay (Bio-Rad, Hercules, CA).
2D-DIGE Analysis
Protein Labeling-For 2D-DIGE experiments, minimal labeling using 400 pmol cyanine dyes (GE Healthcare, Munich, Germany) per 50 g of protein was performed according to the manufacturer's instructions. To avoid bias, tumorous and non-tumorous samples were labeled alternately with Cy3 and Cy5 dyes. A mixture of all samples was labeled with Cy2 for use as an internal standard.
Two-dimensional Gel Electrophoresis-For 2D-DIGE experiments, the appropriate Cy3-and Cy5-labeled sample pairs from each patient were mixed with the internal standard (ratio 1:1:1). Isoelectric focusing and second-dimension SDS-PAGE were performed as described previously (18) .
Image Acquisition and Evaluation-2D-DIGE gels were scanned on a Typhoon 9400 (Amersham Biosciences) at a resolution of 100 m. Images were preprocessed using ImageQuant TM (GE Healthcare) be-fore intra-gel spot detection, inter-gel matching, and normalization of spot intensities to the internal standard in DeCyder 2D TM (GE Healthcare). A statistical analysis was performed with the Extended Data Analysis tool of DeCyder2D TM and resulted in a list of proteins meeting the following criteria: (i) protein spot present in at least 70% of all spot maps, (ii) p value of Student's t test (paired, two-sided) Յ 0.05 (after adjustment for multiple testing, controlling the false discovery rate using the method of Benjamini and Hochberg), and (iii) absolute average ratio between experimental groups Ն 1.5. These differentially expressed proteins were extracted from a preparative two-dimensional gel and identified via MALDI-TOF-MS.
Digestion and Protein Identification-Protein spots dissected from preparative gels were subjected to in-gel digestion with trypsin (Promega, Madison, WI), and the peptides were then extracted from the gel matrix. MALDI-TOF-MS analyses were performed on an Ultra-Flex TM II instrument (Bruker Daltonics, Bremen, Germany). Protein identifications were done with ProteinScape (v. 1.3 SR2) (Bruker Daltonics) using the UniProt database (release 2012 09, 538,010 entries) via Mascot (v. 2.3.0.2) (Matrix Sciences Ltd., London, UK). The database searches were run with propionamide (C) and oxidation (M) as variable modifications, a mass tolerance of 100 ppm, and a maximum of one missed cleavage. Proteins with a Mascot score Ͼ 64 were considered to be assigned correctly. Further details concerning the MALDI-TOF-MS analyses and protein identifications via Protein-Scape have been published previously (19) . PMF spectra and peak lists containing peptide annotations are listed in the supplemental material.
Label-free Analysis
Sample Preparation-Samples were loaded onto a 4 -20% SDS-PAGE gel (TGX TM precast gels, Bio-Rad) and run for 1 min at 300 V. The proteins were stained with Coomassie Brilliant Blue and digested in-gel using trypsin (SERVA Electrophoresis, Heidelberg, Germany). The peptides were extracted via sonication on ice in 20 l of 50% acetonitrile in 0.1% TFA. Acetonitrile was removed by means of vacuum centrifugation before the peptides were rehydrated in 0.1% TFA. The peptide concentration was determined via amino acid analysis on an ACQUITY-UPLC with an AccQ Tag Ultra-UPLC column (Waters, Eschborn, Germany) calibrated with Pierce Amino Acid Standard (Thermo Scientific, Bremen, Germany).
LC-MS/MS Analysis-Label-free MS-based analysis was performed on an Ultimate 3000 RSLCnano system (Dionex, Idstein, Germany) online coupled to an LTQ Orbitrap Elite (Thermo Scientific). For each analysis, 350 ng of tryptic peptides dissolved in 15 l of 0.1% TFA were injected and pre-concentrated on a trap column (Acclaim® PepMap 100, 300 m ϫ 5 mm, C18, 5 m, 100 Å) for 7 min with 0.1% TFA at a flow rate of 30 l/min. The separation was performed on an analytical column (Acclaim® PepMap RSLC, 75 m ϫ 50 cm, nano Viper, C18, 2 m, 100 Å) with a gradient from 5% to 40% solvent B over 98 min (solvent A, 0.1% formic acid; solvent B, 0.1% formic acid, 84% acetonitrile). The flow rate was set at 400 nl/min, and the column oven temperature was 60°C. The mass spectrometer was operated in datadependent mode. Full-scan MS spectra were acquired at a resolution of 60,000 in the Orbitrap analyzer, and tandem mass spectra of the 20 most abundant peaks were measured in the linear ion trap after peptide fragmentation by collision-induced dissociation.
Peptide Quantification and Filtering-The ion-intensity-based label-free quantification was done by evaluating the LC-MS data with Progenesis LC-MS TM (v. 4.0.4265.42984, Nonlinear Dynamics Ltd., Newcastle upon Tyne, UK). The generated .raw files were imported, and the most representative LC-MS run was selected as the reference to which the retention times of the precursor masses of all other runs were aligned. From the feature list containing m/z values of all peptides, only those charged positively 2-, 3-, or 4-fold were used for quantification. To correct experimental variation between the runs, the raw abundances of each feature were normalized. Details regarding the normalization have been published previously (18) .
Protein Identification-Proteins from LC-MS runs were identified by Proteome Discoverer (v. 1.3) (Thermo Scientific) searching the UniProt database (release 2012 02, 534,695 entries) via Mascot (v. 2.3.0.2) (Matrix Sciences Ltd.). The following search parameters were applied: variable modifications, oxidation (M) and propionamide (C); tryptic digestion with up to one missed cleavage; precursor ion mass tolerance of 5 ppm; and fragment ion mass tolerance of 0.4 Da. The search results were filtered with a false discovery rate of less than 1% on the peptide level, which was calculated using the Percolator tool implemented in Proteome Discoverer before the data were imported into Progenesis LC-MS. In this way, each peptide was matched to a previously quantified feature. The mass spectrometry proteomics data of the label-free analysis have been deposited to the Proteome-Xchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (20) with the dataset identifier PXD000534 and DOI 10.6019/PXD000534.
Protein Quantification and Filtering-For the protein quantification, only peptides unique to one protein within the particular experiment were used. The normalized sum of all the unique peptide ion abundances identified as coming from a specific protein was used to calculate the p value of Student's t test (paired, two-sided) and the fold change for each protein. The protein grouping function of Progenesis LC-MS was disabled. Proteins showing a p value Յ 0.05 after false discovery rate correction (21) and an absolute fold change greater than 1.5 were assumed to be differentially regulated. Proteins quantified with only one distinct peptide (unique by mass spectrometry) were removed from the experiment.
Annotation of Regulated Proteins-Previously generated lists of differential proteins were processed using Ingenuity Pathway Analysis software (v. 12402621, Ingenuity Systems, Redwood City, CA) in order to assign their cellular localizations. Computer-aided literature research was performed using SCAIView software (Fraunhofer Institute for Algorithms and Scientific Computing SCAI, Sankt Augustin, Germany) (22) .
Immunohistochemistry
Preparation and Staining of Tissue Samples-Tissue microarrays with three cores per case (core diameter: 1 mm) from CCC and adjacent non-tumorous liver tissue were constructed. Paraffin-embedded 4-m slides were dewaxed and pretreated in EDTA buffer (pH 9) at 95°C for 20 min. All immunohistochemical stains were performed with an automated staining device (Dako Autostainer, Glostrup, Denmark). Both the source of the primary antibodies and the technical staining details of the automatically performed stainings are listed in the supplemental material. All stains were developed using a polymer kit (ZytoChemPlus (HRP), POLHRS-100, Zytomed Systems, Berlin, Germany). Primary antibodies were replaced by mouse or rabbit immunoglobulin for negative controls.
Evaluation of Immunohistochemical Stains-Using an immunoreactive score modeled after the work of Remmele and Stegner (23), stained tissue was graded into four categories regarding its staining intensity (0 ϭ no, 1 ϭ faint, 2 ϭ moderate, and 3 ϭ strong staining) and into five categories for the approximate proportion of positive cells (0 ϭ no, 1 ϭ up to 5%, 2 ϭ 6% to 10%, 3 ϭ 11% to 50%, and 4 ϭ more than 50% positive cells). The examination was performed by two experienced independent pathologists whose results were averaged. The final immunoreactive score was calculated by multiplying the staining intensity by the number of positive cells (minimum 0, maximum 12).
To assess each marker's ability to separate tumor samples from hepatocytes and cholangiocytes, receiver operating characteristic analysis was performed using the R package pROC (24) . AUC values were determined along with the corresponding 95% confidence in-tervals (with the variance of the AUC being computed as defined by DeLong et al. (25) ). In order to compare the diagnostic characteristics of the candidates and choose the most promising one for validation in a larger sample set, sensitivity and specificity were assessed at the best cutoff for each curve. Sensitivity was defined as the percentage of samples with positive staining of the targeted cell type, and specificity was defined as the percentage of samples without positive staining of other cells. Candidate-specific optimization is important in order to account for different staining behaviors of antibodies and leads to higher optimal cutoff values for antibodies with more intense background staining and lower cutoffs with less background. For optimization, we used Youden's criterion, which is equivalent to the maximization of the sum of sensitivity and specificity. In the case of multiple cutoffs yielding an optimal Youden score, the one with the highest specificity was chosen. For the observed values of sensitivity and specificity at the optimized cutoffs, 95% confidence intervals were computed as well (using the Clopper-Pearson method). Although optimization leads to overoptimistic diagnostic values, these values are suitable for comparing different candidates. Optimized cutoff values were used for verification in sample set 3 to ensure unbiased results. For the putatively CCC-specific markers, separate receiver operating characteristic curves were derived for the comparisons with hepatocytes and cholangiocytes. For putatively hepatocyte-specific proteins, AUC values and diagnostic values were calculated with an expectation of lower values in CCC cells.
RESULTS
Quantitative Proteomic Analysis-This study aiming at the identification of novel diagnostic biomarker candidates for cholangiocellular carcinoma combined two quantitative proteomics techniques, namely, 2D-DIGE and mass-spectrometry-based label-free proteomics, to analyze the protein expression profile of CCC tumor tissue (n ϭ 8) in comparison to that of non-tumorous liver tissue (n ϭ 8) (sample set 1). After an evaluation of the resulting data, biomarker candidates were verified by immunohistochemistry. The cell-type-specific expression was determined in a sample cohort from 14 patients (sample set 2) before the most promising candidate was verified in a large cohort of 60 patients (sample set 3). The overall workflow is shown in Fig. 1 .
Using the 2D-DIGE technique, we detected 1676 protein spots in at least 18 out of all 24 spot maps. Paired average ratios ranged from Ϫ30.54 to 30.19. In all, 678 spots were significantly differential between the two experimental groups (Student's t test, paired, two-sided, adjusted p values Յ 0.05; paired average ratio Ն 1.5). After extraction from a preparative gel, 183 protein spots, corresponding to 122 non-redundant proteins, were identified via MALDI-TOF-MS. Among these, 44 proteins were up-regulated and 78 were down-regulated in CCC tissue relative to controls. Two proteins, triosephosphate isomerase and ␣-enolase, showed differing regulation directions between multiple detected isoforms (supplemental material).
The same samples were also analyzed via label-free LC-MS/MS. Due to technical issues, the data of one control sample could not be evaluated. In order to still perform a paired sample comparison, we also removed the corresponding tumor sample from the study, leaving seven versus seven samples in this label-free experiment. Here, in total, 36,104 features with charge states of 2ϩ, 3ϩ, or 4ϩ were detected. After the database search, 14,206 features were assigned to peptide matches, leading to the identification of 2404 proteins (supplemental Fig. S1 ). After discarding proteins that were quantified with only one distinct peptide, we found 920 proteins to be significantly regulated (Student's t test, adjusted p values Յ 0.05; fold change Ն 1.5). Out of these, 516 were upand 404 down-regulated in CCC tissue.
In the protein lists from both approaches, a total of 954 differential proteins were identified, with 34 found exclusively in the 2D-DIGE experiment and 832 identified only in the label-free study (supplemental Fig. S2 ). Thus, 88 proteins were found to be differential irrespective of the applied quantification method.
For most of the proteins from the overlap of both approaches, the same regulation directions were discovered, and the fold changes determined via 2D-DIGE and label-free proteomics were found to be highly correlated (Pearson's correlation coefficient r ϭ 0.878) (supplemental Fig. S3 ). Nevertheless, two proteins (aminoacylase 1 and 3-hydroxyisobutyryl-CoA hydrolase) were reported with contrary regulation directions in the 2D-DIGE and label-free experiments.
The determination of protein localizations using Ingenuity Pathway Analysis software revealed a significantly greater amount of nucleic and plasma membrane proteins identified by label-free proteomics than by 2D-DIGE (supplemental Fig.  S4 ). In the gel-based approach, therefore, a greater amount of cytoplasmic proteins was detected.
Selection of Potential Biomarkers for Further Verification-In order to select suitable candidates for the immunohistochemical experiments, we took different factors into account. The Euclidian distance, which for the label-free experiment was visualized by the volcano plot in supplemental Fig. S1 , was calculated using the log 2 (fold change) and the log 10 (p value) of each protein (26) . Further, the confidence of the identification (Mascot score and number of peptides) was observed. Manual and computer-aided literature research gave additional hints about which proteins might be appropriate candidates. This included evaluating which proteins have been described as being associated with CCC, other types of cancer, or other liver diseases. Finally, the availability of appropriate antibodies also was an important factor. After these considerations, 14 proteins, which are summarized in Table I , were chosen for determination of the cell type specificity via immunohistochemistry.
Determination of the Cell Type Specificity-Non-tumorous liver tissue, which was used as control tissue in the previous experiments, is a mixture of different cell types including mainly hepatocytes but also, among others, hepatic stellate cells, vascular endothelial cells, smooth muscle cells, myofibroblasts, and cholangiocytes. The latter are the origin of CCC tumors. Therefore, this study required a determination of the cell-type-specific expression of each candidate between the identification and the actual verification. Here, the aim was to screen for those allowing the discrimination of tumorous cells from non-tumorous cholangiocytes and hepatocytes and consequently support the differentiation of CCC from benign bile duct diseases. Sample set 2, including tissues from 14 patients (including 5 from sample set 1), was stained immunohistochemically with antibodies against 14 candidate proteins. The evaluation of staining intensity and the amount of stained cells was performed regarding CCC tumor cells,
TABLE I Potential biomarker candidates chosen for verification by immunohistochemistry
The adjusted p values for paired Student's t test (two-sided) and fold changes are given. All p values shown are corrected for multiple testing, controlling the false discovery rate. In Progenesis, p values are obtained using the method of Benjamini and Hochberg (21) ; DeCyder uses the version Benjamini and Hochberg published in 2000 (52) . In the case of two values for t test and fold change for one protein, this corresponds to different isoforms identified by 2D-DIGE. hepatocytes, and non-tumorous cholangiocytes. The values for the AUC, optimized thresholds, and corresponding sensitivities and specificities are given in Table II, and a table  including all confidence intervals and additional information can be found in the supplemental material. It is important to note that the given diagnostic values are overoptimistic because of the optimization process. However, they can be used to compare the different candidates. The cutoff that was derived from sample set 2 was fixed and used as a cutoff for the larger set. This ensured that the resulting diagnostic values for sample set 3 were unbiased. Out of the 14 tested proteins, 5 (chloride intracellular channel protein 1, gelsolin, moesin, pyruvate kinase isozymes M1/M2, and inorganic pyrophosphatase 1) were not considered for further experiments because of unsatisfactory sensitivity or specificity less than 50%, especially within the evaluation comparing CCC cells to cholangiocytes (Table II ). In the case of APOA4, for the comparison of tumorous cells and hepatocytes, a sensitivity of 0% was observed at 100% specificity. Considering the AUC, which is close to 0.5, this means that hepatocytes and CCC cells were stained to a similar extent. In the comparison of tumorous to non-tumorous cholangiocytes, in contrast, promising diagnostic values were achieved.
Number
The remaining proteins that were found to be up-regulated in CCC tissue-serpin H1, SFN, and STIP1-showed a specificity of 100% for the differentiation of CCC from both hepatocytes and cholangiocytes, along with high sensitivities between 86% and 100%.
Because candidates that were identified as down-regulated in CCC tissue in the proteomics study can be assumed to be hepatocyte-specific proteins, in these cases, the sensitivity refers to the staining quantity and intensity of hepatocytes. This was 100% for ABAT, mitochondrial 3-ketoacyl-CoA thiolase 2, BHMT, and FABP1 and 86% for mitochondrial hydroxymethylglutaryl-CoA synthase. The specificity in these cases indicates the proportion of samples in which tumorous cells were not positively stained (Table II : "versus CCC"). ABAT, BHMT, and FABP1 again reached 100%; mitochondrial hydroxymethylglutaryl-CoA synthase was slightly less Tissue samples from set 2 (n ϭ 14) were evaluated regarding positive antibody staining. Areas under the curve (AUC) from receiver operating characteristics were computed, and cutoff values for immunoreactive scores were optimized according to Youden's criterion. Infinitely high cutoff values (ϱ) indicate that there was no cutoff value at which groups could be separated meaningfully. In the case of proteins up-regulated in CCC tumor tissue ("putatively CCC-specific"), the sensitivity represents the proportion of samples positive for CCC cell staining. Specificities were determined for the ability to differentiate CCC tumor cells from normal hepatocytes ("vs. hepatocytes"), as well as for distinguishing between CCC cells and non-tumorous cholangiocytes ("vs. cholangiocytes"). AUCs and diagnostic values were derived with the expectation of greater values in tumor samples. For down-regulated candidates ("putatively hepatocyte-specific"), the sensitivity for detecting hepatocytes and the specificity for distinguishing these from CCC cells ("vs. CCC") were determined. In this case, AUCs and diagnostic values were computed with the expectation of lesser values in tumor samples.
Gene specific with 93%, and mitochondrial 3-ketoacyl-CoA thiolase 2 reached only 57%. For six of the most promising candidates-APOA4, serpin H1, SFN, STIP1, BHMT, and FABP1-the regulation profiles obtained in the label-free and 2D-DIGE experiments and representative immunohistochemical staining patterns are presented in Figs. 2 and 3 , respectively. In addition, Fig. 3 visualizes the expression levels of these proteins observed in the immunohistochemistry experiment across all 14 tested samples. For all other candidates, equivalent figures can be found in the supplemental material.
Verification by Immunohistochemistry-At this point, the most promising candidate for further analyses was STIP1, with 100% sensitivity and specificity for CCC cells in the 14 tested samples. Therefore, a larger cohort comprising 60 patient samples was assembled and tested for STIP1 expression by immunohistochemistry ( Fig. 4) . Here, cutoff values that were optimized using sample set 2 were applied to the evaluation of sample set 3 to ensure unbiased results. Of these 60 samples, 58 could be evaluated regarding tumor cell staining, and 57 regarding hepatocyte and cholangiocyte staining. Optimal cutoffs were determined separately for comparisons versus cholangiocytes (cutoff ϭ 3.5) and hepatocytes (cutoff ϭ 3), yielding two values each for sensitivity and specificity. In the comparison versus hepatocytes, specificity was 100% with a 95% confidence interval (CI) of 94% to 100% and a sensitivity of 72% (CI: 59% to 83%). In the case of cholangiocytes, specificity was again very high (96%; CI: 88% to 100%), and sensitivity reached 64% (CI: 50% to 76%).
For clinical practice, a single cutoff would be more practical. In line with our above-mentioned optimization strategy, we chose the greater value of 3.5, resulting in a specificity of 98% (CI: 94% to 100%) and sensitivity of 64% (CI: see above) when comparing against both hepatocytes and cholangiocytes in combination.
DISCUSSION
To date, diagnosis of CCC remains problematic because patients develop symptoms only in an advanced stage of the disease. Furthermore, imaging modalities such as computed tomography and MRI that are being used in the evaluation of primary hepatic masses have low specificity. In some cases, the concentration of the serum marker CA 19 -9 can give further confirmation, although its sensitivity and specificity for CCC are also low. For final validation, histological diagnosis is therefore often performed (27) . Because this still is not always definitive, the identification of novel biomarkers for the immunohistochemical diagnosis of CCC is an important task. Such biomarkers could support the diagnosis of CCC and its differentiation from benign bile duct diseases such as reactive bile duct proliferations, as well as metastatic malignancies such as pancreatic ductal adenocarcinoma, which are so far difficult to distinguish from CCC. Therefore, in this study, tumorous and non-tumorous tissue samples were compared by means of the top-down proteomic method 2D-DIGE and a bottom-up label-free LC-MS approach.
The aim of combining these complementary methods for the discovery of novel biomarker candidates was to increase proteome coverage to improve the chance of identifying significant regulations, as well as to ensure greater reliability of candidates if they were found to be differentially expressed with both techniques. Regarding those proteins identified through both approaches, the correlation of these proteins' fold changes from the two experiments (Pearson's correlation coefficient r ϭ 0.878) demonstrates the consistency of both 
FIG. 3. Verification of selected biomarker candidates by immunohistochemical staining of CCC tumor tissue and corresponding non-tumorous liver tissue (NTLT) from the same patient.
When using an APOA4 antibody, an inhomogeneous regional staining of CCC tumor tissue and, in control tissue, of some hepatocytes and interstitial cells was observed, whereas non-tumorous cholangiocytes showed no signal. For BHMT and FABP1, hepatocytes displayed strong signal, whereas non-malignant portal fields including cholangiocytes and connective tissue and tumorous tissue remained unstained. SFN was not detectable in hepatocytes or non-neoplastic bile ducts, but it was observed in CCC cells. Serpin H1 was localized only to the cytoplasm of malignant cells and to sinusoidal cells of non-tumor liver tissue. In tumorous tissue, the antibody against STIP1 showed reactivity in CCC cells but not in tumorous connective tissue, while non-malignant tissue was not stained. Original magnification: ϫ200. Box plots represent the expression level of each candidate across all 14 tested patients (sample set 2) in CCC tumor cells, hepatocytes (Hep.), and cholangiocytes (Chol.) based on the immunoreactive scores.
techniques. Only 2 out of 88 proteins showed differing regulation directions when we compared both techniques. This could have been due to the detection of different isoforms in 2D-DIGE and LC-MS. With label-free proteomics, it is not possible to distinguish between different isoforms of one protein unless proteotypic peptides for a particular isoform are identified. If they are not, abundances of protein isoforms are averaged to calculate a shared fold change and p value.
In the 2D-DIGE and LC-MS experiments, bias due to tissue heterogeneity could not be avoided, and the ability to distinguish non-tumorous from tumorous cholangiocytes is a prerequisite for a useful CCC biomarker. Therefore, verification by immunohistochemistry was a critical step. The immunohistochemical examination was performed by two experienced pathologists who analyzed only the cell types of interest in the particular tissue (cancerous cells in the tumor tissue, hepatocytes and cholangiocytes in the non-tumorous tissue). Evaluation of immunohistochemical stains was performed using an immunoreactive scoring system. This is especially advisable for the analysis of inhomogeneous tumor tissue such as CCC. In contrast to the original recommendation for the immunoreactive score from Remmele and Steger, a more differentiated grading of the percentage of positively stained cells with five instead of four categories was chosen in order to reflect more subtle differences between staining patterns. As a result, from the immunohistochemical analysis, seven of the tested candidate proteins should be considered as potentially supportive for the diagnosis of CCC. These are STIP1, SFN, serpin H1, APOA4, ABAT, BHMT, and FABP1.
The most promising of these is STIP1, also known as Hsp70/Hsp90-organizing protein. This is a co-chaperone of Hsp70 and Hsp90 that participates in a large number of cellular processes such as RNA splicing, transcription, viral replication, protein folding and translocation, signal transduction, and cell cycle regulation (28) . Recently, an immunohistochemical study of 330 tumor samples has shown that STIP1 acts as a prognostic biomarker in human ovarian cancer (29) . It is thought to bind to the bone morphogenetic protein receptor ALK2 (activin A receptor, type II-like kinase 2) to activate the SMAD signaling pathway and transcription of inhibitor of DNA binding 3. This promotes cancer cell proliferation in ovarian malignancies (30) . Considering the up-regulation of STIP1 in CCC cells revealed by our study, this mechanism might also be active in CCC tumor formation. Because STIP1 showed a very high specificity of 98% for CCC cells when comparing to both hepatocytes and non-tumorous cholangiocytes in the verification set including tissue sections from 60 patients and a moderate sensitivity of 64% (or 72%, depending on the cell type CCC was compared with), we conclude that STIP1 is a promising biomarker candidate for CCC. In comparison, for the tumor marker p53 protein, an immunohistochemical study in 2011 revealed positive staining in only 37% of intrahepatic and 46% of extrahepatic bile duct cancers. Although in this case no non-tumorous cholangiocytes were stained, 24% of dysplastic bile duct cells overexpressed p53 protein (6) . The fact that STIP1 was not expressed in all CCC tumor samples again reflects the heterogeneity of this tumor. In practice, this might lead to a number of false neg- atives when using STIP1 as a stand-alone biomarker for CCC. Although, of course, its sensitivity and specificity need to be further substantiated in larger validation sets, an advisable implementation could be the integration of STIP1 in an immunohistochemical biomarker panel. Combining multiple biomarkers to create a single classification score can drastically improve the diagnostic accuracy relative to that of individual markers. Other proteins from this study could also contribute to such a biomarker panel.
SFN, for example, which is involved in a large spectrum of signaling pathways, showed high diagnostic values in the immunohistochemical evaluation of sample set 2 (n ϭ 14). This protein is thought to be an important cell cycle protein in various cancer types (31) (32) (33) (34) . In 2007, an immunohistochemical study demonstrated its expression in 67.7% of 93 tested cases of intrahepatic CCC. Immunoreactivity was observed only in cancerous tissue, and not in normal bile duct cells (35) . This is in line with our findings and confirms again the reliability of the methods and workflow applied during this study. Furthermore, Kuroda et al. (35) demonstrated that decreased SFN expression is a significant indicator of poor prognosis in intrahepatic CCC. In conclusion, this protein might be used as a prognostic biomarker for CCC, and given its connection to oncogenic processes in different malignancies, it might be a potential drug target worth further investigation.
In our current study, 100% sensitivity for CCC cells was furthermore revealed for the collagen-binding protein serpin H1, also known as HSP47 or colligin. Serpin H1 is thought to be involved in processing, glycosylation, and secretion of collagen and cross-linking of the three-dimensional assembly of type IV collagen molecules (36, 37) . Its overexpression in fibrotic diseases with enhanced collagen biosynthesis such as glomerulosclerosis (38) , pulmonary fibrosis (39) , and liver cirrhosis (40, 41) has been demonstrated. In CCC, this reflects the usually dense desmoplastic stroma of the tumor entity. In conclusion, increased expression of serpin H1 is an indicator of strong collagen biosynthesis and, consequently, fibrotic changes in all kinds of tissue. Thus, it seems not to be specific for CCC, but it nevertheless might support the differential diagnosis of CCC and benign proliferations of liver or bile duct cells.
APOA4, a glycoprotein that is suggested to be involved in chylomicron assembly and pre-very low-density lipoprotein transport (42) , was up-regulated in CCC tissue in our proteomics study. Although immunohistochemical verification in sample set 2 revealed no significant differences in staining of CCC cells and hepatocytes, based on its clear overexpression in CCC cells relative to normal cholangiocytes, APOA4 has good potential to prove useful in biomarker panels. As one main focus is the differentiation of CCC from benign alterations of cholangiocytes, discrimination of tumorous from nontumorous bile duct cells is of greater importance than that of CCC cells from hepatocytes. Apart from that, the latter are in most cases distinguishable on the basis of morphological aspects. In combination with other biomarkers, however, even these uncertainties could be clarified, especially when combining CCC-specific with hepatocyte-specific proteins.
Three proteins that showed higher expression levels in normal liver tissue than in CCC tumors in our study are ABAT, BHMT, and FABP1, also named L-type or liver-type fatty acid-binding protein. In line with our findings, FABP1 has been described as expressed mainly in hepatocytes (43) , but also in the small intestines (44) and the kidney (45) . Also, ABAT, a major inhibitory neurotransmitter in the mammalian central nervous system, has previously been shown to be most abundant in the liver, at least on the transcript level (46) . BHMT, which regenerates methionine from homocysteine via remethylation in the kidney and the liver (47), accounts for 0.6% to 1.6% of the total protein content in the liver (48) . Decreased expression levels have been reported in hepatocellular carcinoma relative to normal liver tissue in several studies (18, 49 -51) . Nevertheless, the immunohistochemical staining of HCC tissue still shows a weak signal for BHMT (18) , whereas CCC displayed none at all. In addition, ABAT, BHMT, and FABP1 might also be used to differentiate metastases deriving from hepatocytes from those of other origin such as the bile ducts.
In malignant cells, a wide range of metabolic pathways are dysregulated. The overexpressed proteins identified and verified in this study display some of the cell functions that are altered in tumorous bile duct tissue. With serpin H1, we have identified a marker for the fibrotic activity of the tumor cells that leads to the production of high amounts of extracellular matrix. Overexpression of APOA4 points to alterations in lipid metabolism, and the enhanced proliferation that generally characterizes tumor cells was here confirmed by the upregulation of STIP1 and SFN. The applicability of these proteins as biomarkers for CCC will be tested in future experiments.
We strongly suggest the consideration of STIP1 as part of a biomarker panel to support the histopathological diagnosis of CCC in indistinct situations. The applicability of SFN, serpin H1, APOA4, ABAT, BHMT, and FABP1 is indicated by the results presented here, although it requires further verification. Especially if only small biopsies are available, the distinction of CCC from reactive bile ducts can be challenging when performed on morphological grounds only. In contrast to CCC, reactive bile ductules are often found in liver biopsies showing chronic cholestasis due to intrahepatic or extrahepatic bile duct diseases or found adjacent to malignant tumors due to bile flow alteration. A biomarker panel comprising all or some of the candidates identified here could help in this matter. Thus, the combination of proteins specific for CCC cells and those specific for hepatocytes can be especially advantageous.
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